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Abstract

In this paper we consider a specific model of membrane systems, i.e. membrane systems with attributes. In these sys-

tems, the information is placed at the membranes in form of attributes, no objects are considered inside the membranes except for other
membranes. The membrane system with attributes evolves according to rules that compute new values for the attributes from the attributes
assigned to the membranes involved in the rule. The model of membrane systems with attributes allows us to specify business transactions
in a precise way and to simulate different models for such transactions with a suitable tool for membrane systems with attributes.
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During the last years, the area of membrane sys-
tems has evolved rapidly. Many variants of membrane
systems or, as they now are usually called, P systems
have been introduced and their computational power
turned out to be very high even with quite small in-
gredients. For a first comprehensive overview of P
systems see the monograph!'}, for the actual state of
the art we refer the reader to the P systems web-
pagel?).

Although many variants of P systems turned out
to be computationally complete, applications of P sys-
tems just recently became of more interest, for exam-
ple see Ref. [3]. As membrane systems are based on
bioclogical processes taking place in cells or between
cells, also using the exchange of objects through
membranes, it is quite natural that many applications
also deal with simulating processes happening in na-
ture. On the other hand, it also seems interesting to
model processes outside this area of biology and to
consider processes in a completely different area, e.g.
in Paun’s work! a first approach was made in that
direction modelling business transactions by mem-
brane systems; this idea was continued in Refs. [4]
and [5]. In contrast to Ref. [5], where interesting
theoretical results on the 117 computational power of
numerical P systems were obtained, in this paper we
concentrate on the simulation of business transactions
by a suitable model of membrane systems. The model
of membrane systems we are going to consider below
works with attributes assigned to the membranes, yet
without any objects inside the membranes them-
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selves. The function of the membrane system is based
on the interaction between membranes in such a way
that suitable functions allow for computing the next
configuration of the system from the attributes as-
signed to the membranes involved by a rule; the at-
tributes we deal with theoretically are not restricted
to multisets or strings over a finite alphabet, i.e. we
also allow real numbers, etc. at the same time having
in mind a finite representation of such objects and
their handling by a finitely described mechanism as
we can expect for a simulation of everyday-life pro-
cesses, i.e. even when not stating this explicitly, we
assume all functions to be computable. The model of
membrane systems with attributes considered in this
paper is also used in Ref. [6] to model various busi-
ness transactions; some of the examples considered
below can be found there explained in more detail.

The rest of the paper is organized as follows: in
the next section, we describe the model of membrane
systems with attributes used in this paper and give a
first example; moreover, we elaborate some theoreti-
cal features of the model of membrane systems with
attributes, and finally, we exhibit some ideas how we
can use membrane systems with attributes for specify-
ing business transactions. In the succeeding section
we then describe an example showing how this model
of P systems can be used to describe business process-
es, i.e. we describe how an agent is sent out to buy
some goods. In the last section, we summarize the
main ideas presented in this paper and give an outlook
to future research.

1) Paun R. Producers, retailers, and their investments. A membrane computing approach. Submitted
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1 P systems with attributes

For the background of formal language theory,
we refer the reader to monographs as Ref. [7]. We

just recall a few well-known notations: V" is the free
monoid generated by the alphabet V' under the opera-
tion of concatenation and the empty string, denoted
by A, as unit element; N, N, Z, and R denote the
set of positive integers ( natural numbers), the set of
non-negative integers, i.e. N,=N U {0f, the set of

integers, and the set of real numbers, respectively.

The theoretical model of membrane systems we
introduce in this paper is inspired by the many models
considered in the area of P systems so far (especially
we again refer to Refs. [1] and [2]). We shall as-
sume the reader to be a little bit familiar with this
area, although the definitions given in what follows
will be self-contained. We just mention that in P sys-
tems we have a hierarchical membrane structure; the
outermost membrane is called skin membrane. Every
membrane encloses its region possibly containing oth-
er membranes; a membrane whose region does not
contain any other membrane is called elementary.
Membranes are represented by matching parentheses
[ 1; to indicate that the vector of attributes a is as-
signed to a membrane, we simply write [a]. In con-
trast to the common definitions, we shall not use la-
bels for the individual membranes, because the rules
are not assigned to membranes with specific labels,
but instead can be applied to any combination of
membranes fulfilling the structural constraints given
in the rule and having the attributes in the domains of
the functions specified in the rule.

We now introduce the model of membrane sys-
tems we shall use in this paper: A P system with at-
tributes (a PSA for short) is a construct

I = ((gy 1), R),
where p, is the initial membrane structure; I, is a
function assigning the initial attribute to every mem-
brane in z4, and R are rules of the following forms:
([a]l—=[a’], f,)—evolution; the new attribute a’
of the membrane is computed from the current at-
tribute a by the function f,; ([a][6]—~[a"][b"],
f1» f2)—joint evolution; the new attributes a’ and
b’ of the two membranes being in the same region are
computed from the current attributes @ and & by the
functions f, and f,, respectively; ([a [&6]] —
[a’[6"1], fy, f,)—parent/child evolution; the new
attributes a” and b” of the outer (the parent) and the

inner (the child) membrane, respectively, are com-
puted from the current attributes a and & by the
functions f, and f,, respectively; ([a[b]]—[a’],
f1)—deletion of inner membrane; the inner mem-

brane is deleted, the new attribute a’ of the outer
membrane is computed from the current attributes a
and & by the function f;; ([a[b6]]1—=[0"], f)
(where the outer membrane must not be the skin
membrane)~—deletion of outer membrane; the outer
membrane is deleted, the new attribute ” of the in-
ner membrane is computed from the current attributes
a and b by the function f;; ([allb]—=>[a’], f1)—
join; two membranes join to a single one, the new at-
tribute a’ of the single membrane is computed from
the current attributes a and & by the function fi;
(laJ—=[a’]l&"], f1» f,) (where the original mem-
brane must not be the skin membrane)—generation;
the new attributes a’ and &’ of the two membranes
are computed from the current attribute a by the
functions f, and f,, respectively; ([a]—=[a’[&"]],
f1» f2)—generation of inner membrane; the new at-
tributes @’ and &’ of the original membrane and the
newly generated inner membrane, respectively, are
computed from the current attribute a by the func-
tions f, and f,, respectively; ([a]—>[&"[a"]], f}>
f2) (where the original membrane must not be the
skin membrane)—generation of outer membrane; the
new attributes a’ and b" of the original membrane
and the newly generated outer membrane, respective-
ly, are computed from the current attribute a by the
functions f, and f,, respectively; ([a][&6]—
[a’[&"]], f|, f,)—phagocytosis; one membrane is
enclosed by another one, the new attributes a” and &’
of the two membranes are computed from the current
attributes @ and & by the functions f; and f,, re-
spectively; ([a[6]1]1—=[a’][b"], f,, f,)—exocyto-
sis; the outer membrane expels the inner one, the
new attributes a” and &° of the two membranes are
computed from the current attributes a and & by the
functions f, and f,, respectively.

The rules of the system II are applied in a se-
quential way (e.g. see Ref. [8]), i.e. only one rule
is applied in one derivation step to get a new configu-
ration. We should like to emphasize that a rule of the
form (p, f,) or (p, f» f,) can be applied if and only
if the involved membranes fulfill the hierarchical con-
straints given by p and the function(s) (f,, f,) are
defined for the actual values of the attributes assigned
to the membranes involved in the rule.
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Some of the rules can be combined to construct
new rules. For example, phagocytosis ([a]1[6]—
[a’[5°]], fi» f,) and exocytosis ([a[&]]—[a’]

[6°], fi» f,) can be seen as the sequence of rules
([all61~=1a"1, £, (La”1=La’ [8°]], f1r f2)
and ([a[611=[a"), £1), ([a"1=[a’ 100", f1s

f 2 ), respectively.

Obviously, we could also allow more complex
rules, e.g. a combination of twice using a rule of the
form ([a]—=[a"1[5"], £, f,) would yield the more
complex rule

([a] = [a’ 16" 1 ], frs for £3)
yet we shall explain such more complex rules only in
the context where it helps to make the exposition of
an algorithm more concise and readable.

1.1 A first example

As a first example we specify a PSA comparing
two numbers n and £ (from N, Z, N, or even
from R ; from a formal language point of view, the
most reasonable choice is N (), given as attributes of
two elementary membranes inside the skin mem-
brane, and yielding the answer of the comparison as
an attribute of the skin membrane (1>>2 means that
n >k, 2>1 indicates that £ >n, and 1 =2 says that
both numbers are equal).

I = ((py 1), R),
(uo> 1) = O, ) ][(2, k) 1],
R = {([alb]l]l—=[a’], f)I
with
fr: Q0 x (111 x N))
U (({0} xN) x ({2} xN))
- ({0} xN)
U ol xit>2,2>1,1=21),
£1(0,1,n) = (0,n),
(0,1 >2)if n > &,
f1€0,n,2,k) = {(0,2 >1)if & > n,
(0,1 =2)ifn = k.
Each of the three membranes carries an attribute vec-
tor whose first component identifies it as the skin
membrane (0) or as one of the inner membranes car-
rying the first (1) and the second (2) number to be
compared. The comparison is done in two steps: in
the first step, the skin membrane takes over the
number n from (the second component of the at-
tribute vector of ) the first inner membrane and
deletes this membrane; in the second step, this num-
ber n is compared with the number £ assigned (as

the second component of the attribute vector) to the
second inner membrane, which is deleted now,
whereas the result of the comparison of n and % ap-
pears as the second component of the final attribute
vector of the skin membrane.

The same task of comparing two numbers can be
accomplished by using one more complex rule that al-
lows the skin membrane to interact with both inner
membranes at the same time:

II = ((,U(), Io)a R)’
(uos Iy) = O, ) 1(2, &) ]],
R = {([albllc]]—=Ta"], f)!
with
Fr:(10h) x (111 x N) x ({2 x N)
— ({0} x 11 >2,2>1,1=2}),
(0,1 >2)if n >k,
ﬂmeJJ)=+&2>Uﬁk>m
(0,1 =2)ifn = k.
For both cases, the initial configuration and the final
configuration can be seen in Fig. 1 (the set {1>2,
2>1,1=21} in the second component in the attribute
vector of the skin membrane of the final configuration
indicates that exactly one element of that set is ob-
tained) .

0
=*10.{1>2,2>1,1=2))

Fig. 1. Order relation between two numbers n and k.
1.2 Theoretical remarks

The model of P systems with attributes intro-
duced above is very powerful from a theoretical point
of view, because we have made no severe restrictions
on the functions used to compute the new attributes
in the rules. Yet even when restricting the power of
these functions, PSA remain very powerful; as an ex-
ample, let us consider PSA working on numbers from
N ,. Then without sophisticated functions, we can
easily simulate register machines:

A deterministic n-register machine is a construct
M=(n,R, 1, 1,), where n is the number of regis-
ters, R is a finite set of instructions injectively la-
belled with elements from Lab (M)CN, [, is the
initial/start label, and [, is the final label; the in-
structions are of the following forms: £;:(A(r), ;)
( ADD instruction) Add 1 to the contents of register r
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and proceed to the instruction (labelled with) £,; /;:
(S(r),,,!;) (SUB instruction) If register r is not
empty, then subtract 1 from its contents and go to
instruction {,, otherwise proceed to instruction /;;

[, : halt (HALT instruction) Stop the machine. The

final label /, is only assigned to this instruction.

A register machine can easily be simulated by a
PSA, for example, in the following way: The regis-
ters are represented as elementary membranes carry-
ing the attributes (i, c(¢)) where i is the number of
the register and ¢ (i) is its contents; the finite control
is situated at the skin membrane with the attribute
vector (0, /) where [ is the current instruction label.
Hence, we construct the PSA

I = (g 1), R")
with the initial configuration
(€0, ) [(1, o1 ] [(n,ce(n))]]
where cy(7), 1<{i<(n, are the initial values of the
registers i, and
R = {([alb]l]l—=[a'[&6"1], f1, f2)
I'1,: (A(r),1,) € R,
£100, L, k) = (0,1,), £,(0, 1, r, k)
= (r, kb + 1)
U {(Lalbl] = [a’[&"]1], f1. f3)
1 1,:(S(r),1,,15) € R,
£100, 1,7 k) = (0,1,), 50,1, 7, k)
=(r,k—1)fork >0,
£1(0,2,,7,0) = (0,75),
£200,14,7,0) = (r,0)4,
where all f; are functions
£,: (10} x Lab(M)) x (11,--, nt x N))
— ((10} X Lab(M)) x ({1, -, nl X N))

It is obvious that the PSA II constructed in that
way simulates the given register machine M ; more-
over, IT halts (which means that no rule can be ap-
plied anymore) if and only if M halts. In that way,
II can compute functions as M does, and the result
can be seen as the second component of the attribute
vector assigned to the membrane corresponding to the
respective register in the final configuration. As can
be seen from the construction of the rules, only rules
of one kind are needed, i.e. of the form ([al[b]]—
la’ [b']], fy» f2)—parent/child evolution. More-
over, the functions are quite simple, too, the main
power lying in the possibility to distinguish between
the case of an empty register and a non-empty regis-
ter.

Obviously, this variant for simulating register
machines is not the only one that can simulate a vari-
ant of P systems well known from the literature, yet
we do not follow this line anymore in this paper. In-
stead, we turn our attention to use PSA for specifying
specific processes in business life.

1.3 Using PSA for economic models

A relatively new approach of economic problems
is to focus on the single individual and not on the
whole mechanism. There exist many economic proce-
dures that calculate only the totality of economic pro-
cesses, a good example being the price calculation of
companies: the price setting depends on the demands
and needs of the customers and, of course, also on
the price of the material needed to produce an article;
yet the demand usually is not created by a single per-
son, but by many customers. Many business analysts
try to find out why the homo economicus acts how he
acts (e. g. see Ref. [9]). A big part of these eco-
nomic studies are computer simulations.

We now establish P Systems with attributes as a
formal specification tool for business processes. The
membranes symbolize individuals, but also companies
and their goods, etc. The interactions between cus-
tomers and vendors or companies are captured by the
change of the membrane structure as well as by the
functions in the rules. The attributes assigned to the
membranes can represent not only the identity and
the function of a membrane, but also features like the
colour of the hair of a person or the price of a good.
Hence, in the succeeding section we shall exhibit a
depictive example how P systems with attributes can
model specific business transactions. Moreover, we
should like to point out that we are developing a sim-
ulation tool based on the theoretical model described
in this paper for running randomized simulations of
some specific business transactions in the way eco-
nomic studies are carried out as computer simulations
in the traditional way.

2 How a membrane agent buys membrane
chocolate in a membrane store

In this section we describe how the process of
buying goods can be formulated within the framework
of P systems with attributes.

Within the closed world represented by the skin
membrane, we consider membranes for customers,
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stores, agents, and goods (e.g. chocolate). In the
representation of the example given below, we only
list those attributes that are necessarily involved in
the transaction we want to describe. We start with
the following initial configuration (see Fig. 2):
[0(0) [ (store, money,,,,) [(chocolate, price)]]

[ (customer, money,, ., » happy) 1]

( (0) ™\
/ (store, y) \

(customer, x,
happy)

(chocolate, price)
N— J

Fig. 2.

Initial membrane structure.

The skin membrane will never change, it just
carries the attribute (0) showing that it is the skin
membrane. Within this closed world, we start with a
store having some budget money,,,,(y) and offering
chocolate at a price of price. The customer has some
budget money,, ;. (z) to buy goods, and the status
(initially being happy) indicates his needs. Obvious-
ly, this is only a small part of the closed world, e.g.
usually we would have not only one piece of chocolate
in the store, but we restrict ourselves to depict those
objects which will be handled during the buying pro-
cess. If, for some reasons from outside, the cus-
tomer’ s status changes from happy to need_ choco-
late, then (see Fig. 3) the customer creates an agent
(to goto_store) for buying a piece of chocolate cost-
ing at most p (we use M for the set of money values
we are dealing with, e.g. decimal number represen-
tations with a fraction of two digits, up to a maximal
amount max ):

(Lel—= [ Ma’], f15 £2),
f1:({customer{ X M X {need_ chocolate} )
— ({customer} X Ml X {wait_ for_ chocolate! ),
f2:(Ucustomer! X M X {need_ chocolate} )
— ({agent! X M X {buy_ chocolate}
X {goto_ store} ),
f1(customer, r, need_ chocolate)

= (customer, xr — p, wait. for_ chocolate),

f>(customer, x, need_ chocolate)

= (agent, p, buy_ chocolate, goto_ store).

([sMal—=1[s'Ta"1]), f1. f2)»

f1:(({storet X M)
X (lagent! X M X {buy_ chocolate!
X {goto_ store})) — ({storel X M),

fy: ((Istore} X M) X ({agent}
X M X {buy_ chocolate} X {goto_ store}))
— ({agent} X M X |buy. chocolate}
X {in_ store} ),

f1(store, v, agent, p, buy_ chocolate, goto_ store)
= (store, y),

f,(store, y, agent, p, buy. chocolate, goto_ store)

= (agent, p, buy_ chocolate, in_ store).

( © IR
/ (store, y) \

(customer, x — p,
wait_for_chocolate)

(agent, p,
buy_chocolate,

goto_store)

(chocolate, price)

. /

Fig. 3. Creation of an agent.

The agent now enters the store {see Fig. 4) and
checks whether he can afford the chocolate offered
here provided there is some chocolate available. He
buys the chocolate if available in the store at a price of
no more than the money p he has got from the cus-
tomer (see Fig. 5); we here do not consider the frus-
trating case that the agent is not able to buy choco-
late.

(lalle] —[a'l67]], £, £2),
f1:(({agent! x M X {buy_ chocolate}
x lin_ store} ) X ({chocolate} x M ))
— ({agent! X M X M X {chocolate_ bought}),
fo:((1agent} X M X {buy- chocolate}
X {in_ storef ) X ({chocolate} X M ))
— ({chocolatel ),
f1(agent, p, buy_ chocolate, in_ store, chocolate, price )
= (agent, p, price, chocolate_ bought),
f>(agent, p, buy_ chocolate, in_ store, chocolate, price)
= (chocolate) .
([slall—=[s"1la"], f1. £5),
f1:(({store} x M) X ({agent}
X M X M X {chocolate_ boughti))
— ({storel x M),
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fo: ((istore} x M) x ({agent}

X M X M X {chocolate_ bought}))

— (lagent} X M x {got_ chocolate} ),
f(store, y, agent, p, price, chocolate. bought)

= (store, y + price),
f>(store, y, agent, p, price, chocolate_ bought)

= (agent, p-price, got_ chocolate).

/O N\
/(Store, ¥) \

(agent, p,
buy_chocolate,

(customer, x—p,
wait_for_chocolate)

in_store)

(chocolate, price)

Fig. 4. The agent enters the store.

O ™
ﬂstore, y) \

(agent, p, price,
chocolate_bought)

/

(customer, x—p,
wait_for_chocolate)

Fig. 5. The agent buys chocolate.

When leaving the store (see Fig. 6), the agent
pays for the chocolate and returns back to the cus-
tomer (see Fig. 7).

([ella]l—=[c'la"1l, 15 £2),
f1:(({customer} X Ml x {wait_ for_ chocolate} )
X ({agent} X Ml X {got_ chocolate}))
— ({customer} X M X {get_ chocolate}),
f2: (({customer! X M x {wait_ for_ chocolate})
x ({agent! X M X {got_ chocolate!))
— ({agent} X {chocolatel),
f1 (customer, z, wait_ for_ chocolate, agent,
g, got_ chocolate)
= (customer, z + g, get_ chocolate),
f>(customer, z, wait.. for_ chocolate, agent,
g, got_ chocolate)

= (agent, chocolate).

/0
/ (store, y + price) \

(customer, x-p,

wait_for_chocolate)

(agent, p — price,
got_chocolate)

| J

Fig. 6. The agent pays and leaves the store.

/o N\
/ (store, y + price) \

(customer, x — price,
get_chocolate)

(agent,
chocolate)

o

Fig. 7. The agent returns back to the customer.

Finally, the agent releases the chocolate (see
Fig. 8), and after having eaten the chocolate, the
customer is happy again (see Fig. 9).

([lal]l—=1[8"1, 1)),

f1:(({agent} x {chocolate!)

X ({chocolatet )) — ({chocolate} ),
f1(agent, chocolate, chocolate)

= (chocolate).
([el61) =1, £F1)s
f1:(({customer! X M x {get_ chocolatel)

% ({chocolatet )) = ({customer}
X M x thappy!),
f1(customer, z, get_ chocolate, chocolate)

= (customer, z, happy).

(store, y + price) / (customer, x — price, \
get_chocolate)

Fig. 8. The chocolate is released.
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FO) I
mtore. y + price) \ { (customer, x — pricex

happy)

J\ )

Fig. 9. The customer is happy again.

&

3 Summary and future research

In this paper we have proposed the model of
membrane systems with attributes as a specification
tool for business processes. From a theoretical point
of view, this model is a very rigorous one, the sys-
tems evolving only by eventually changing the mem-
brane structure and by the interaction of the at-
tributes assigned to the membranes; a rule only
changes the attributes of the membranes involved in
the rule, no objects are involved inside the mem-

branes.

For business transactions like auctions different
strategies can be found in the literature. Hence, it is
of some interest to specify these variants within the
same formal framework and then to let some simulat-

ions run that allow for comparing the possible be-
haviour of these variants. As the membrane systems
with attributes work in the sequential derivation
mode, the implementation of this model works with a
reasonable time behaviour, and we are going to use it
for testing various strategies for business transactions
like auctions as well as for running simulations of dif-
ferent strategies for other business transactions.
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